The calorimeter was designed for measuring the specific heats of gases accurately at pressures below 100 atmospheres and temperatures below 150°C. The instrument has been tested in an extensive series of measurements of the specific heat of ammonia (published separately) at pressures between 0.5 and 20 atmospheres and temperatures between minus 15 and 150°C.
I. INTRODUCTION
The calorimeter described here was developed for the accurate measurement of the specific heat of gases at pressures below 100 atmospheres 'and temperatures below 150°C. The immediate purpose of the instrument was for the determination of the specific heat of superheated ammonia vapor for use in preparing tables of the thermodynamic properties of ammonia. The measurements of ammonia have been completed and described elsewhere. 1 The purpose of this paper is to set forth the essential facts relating to the design, construction, and operation of the calorimeter.
Measurements of the specific heat of gases are, in general, more difficult than of solids and liquids because larger volumes of gas must usually be subjected to the experimental process in order to have heat quantities large enough for accurate measurement. The continuous-flow electric method, however, overcomes this difficulty to some extent. This method does not necessitate the large apparatus required to exchange heat with the entire sample of gas all at once. By allowing only small portions to be subjected to the process at any instant the continuous-flow method allows heat to be exchanged with the gas at a rate which permits accurate control and measurement. Another advantage is that the thermal capacity of the instrument may be kept small and need not be known. These attributes of the flow method led to the choice of 'a flow calorimeter as the appropriate instrument for determining the specific heat of superheated ammonia vapor.
The principle of the continuous-flow electric method for determining the specific heat of a fluid is simple. The procedure is to observe the rise in temperature produced by a measured electric 1 Other quantities which enter into the determination of the specific heat as small corrections are heat leakage and the effect of pressure drop. The pressure and temperature must be observed as independent variables which define the state of the vapor.
II. PREVIOUS DEVELOPMENT OF METHOD
The continuous-flow electric method of calorimetry was used for measurements of the specific heat of liquids by Callendar and Barnes. 2 Later it was adopted for measurements of the specific heat of gases by a number of experimenters, each of whom developed the method for a special purpose. Some of the chief features of their instruments will now be briefly mentioned without attempting to do justice to these experimenters by thoroughly reviewing their work, but merely illustrating how the nature of their experimental problem may affect the design of an instrument. Thermal leakage by radiation is controlled by surrounding the system with metal guards maintained at temperatures nearly identi- To make this possible, a configuration of the system was devised which would keep practically all the exposed surface at either the initial or the final temperature of the vapor. Only two protecting guards were then necessary, one at each temperature. One of these was kept at the initial temperature by the incoming gas stream, and the other was controlled by an auxiliary electric heater and regulated by the observer to maintain that guard surface close to the temperature of the exposed surface of the system within.
It is evident from the nature of the flow method that there must be a temperature rise along the system between the two thermometers. This rise will be most abrupt in the region where the gas first encounters the heater. To permit the best thermal guarding, it is desirable that the exposed surface of the system be differentiated sharply into two parts at the initial and final temperatures. The general scheme of doing this is shown in Figure 3 Figure 9 .
All parts of the ammonia lines were tested for strength and tightness in a manner similar to that used for the calorimeter. These tests included reservoirs, valves, and manometers, and the detection and repair of leaks in the completed apparatus was no small item on account of the complexity of the structure and the time element involved in making the vacuum tests, which were the only ones found trustworthy for finding leaks. Each bath was provided with a control unit ( fig. 10) , the function of which was (1) to circulate the liquid medium for distributing or exchanging heat, and (2) to control the temperature of this medium.
Each bath had a close-fitting brass cover from which parts of the apparatus were suspended in the bath. Parts of the apparatus requiring less perfect temperature control were mounted upon the outside of the tanks. The control unit included a screw propeller, a refrigerating coil using carbon dioxide, an electric heating coil, and a thermoregulator actuated by expansion of a confined liquid.
These parts were assembled in a tubular housing or penstock about 7.5 cm in diameter. The assembled control unit stood vertically in one corner of the tank. The rest of the space in the tank was available for installing such parts of the apparatus as required temperature control. The refrigerating coil, heating coil, and propeller were located in the upper end of the penstock where the liquid was taken in. The three operations of cooling, heating, and mixing took place in a small space near the intake at the top of the bath.
Consequently, local disturbances of temperature, whether coming from the more exposed top surface of the bath or proceeding from the region of tempering itself, were taken in by the converging stream and carried into the control unit, where they were obliterated instead of being allowed to affect the main part of the bath where uniform temperature was wanted. The method of control was to overcool somewhat by a proper setting of the carbon dioxide throttle valve and compensate the overcooling by electric heating, so controlled by the automatic regulating device as to keep the fluctuations of temperature within the desired limits.
The liquid used to actuate the thermoregulator was the same as that of the bath ; that is, toluol at temperatures not over 70°C . and a mineral oil of higher flash point at the higher temperatures. The thermoregulator liquid was confined in a " bulb " composed of about 290 cm of copper tubing 5 mm in diameter, wound into a helical coil 6.8 cm in diameter, which was placed in the penstock below the propeller. This bulb was bathed in the stream of liquid immediately after the tempering and mixing at the place where it would promptly respond to changes in temperature.
Selective setting of the thermoregulator to operate at any desired temperature was provided, using a principle long in service at this bureau, but only briefly mentioned heretofore. 7 Metal capillary tubes led from each end of the bulb, one connecting to the setting valve and the other to the electric contact maker. When the setting valve was open, expansion could take place freely into the reservoir beyond. "When the valve was closed, expansion of the liquid was communicated to the short column of mercury in the U tube, causing it to make or break electric contact with an adjustable needle point.
When the temperature of the bath had been brought to the desired value, the automatic control could be brought into operation by closing the setting valve, after which fine adjustment of the temperature could be effected by the slow motion of the needle point.
The needle point used was that of an ordinary fine steel sewing needle, which was soldered to the threaded brass stem for adjusting. Experience has shown that these contact points operate satisfactorily when submerged beneath a hydrocarbon fluid, provided they are used only for the low voltage relay circuit and, if necessary, protected by a condenser to suppress the spark.
Extremely fine regulation was necessary only in the calorimeter bath, and it was found possible to control this bath so that no fluctuations or drift of more than 0.001°C. could be observed over a period of 30 minutes or longer. The reliability of operation of this thermal control and the relief of the operator from this care was a factor contributing to the character of the final results.
The contact maker and setting valve with their glass overflow reservoirs were located far enough above the top of the tank to be unobscured by the lagging. The support for these parts and also the tripod which supported the propeller shaft bearing were made of thin German-silver tubing in order to make them rigid and at the same time avoid unnecessary heat conduction to or from the bath. Such heat conduction is objectionable, not only because it imposes a greater duty on the control unit in maintaining a steady and uniform temperature within, but also because when operating the bath at low temperatures the condensation of water from the atmosphere on exposed cold parts may become a nuisance. ' 
